Toxigenic Vibrio cholerae strains are lysogens of CTX⌽, a filamentous phage which encodes cholera toxin. The receptor for CTX⌽ for invading V. cholerae cells is the toxin-coregulated pilus (TCP), the genes for which reside in a larger genetic element, the TCP pathogenicity island. We analyzed 146 CTX-negative strains of V. cholerae O1 or non-O1 isolated from patients or surface waters in five different countries for the presence of the TCP pathogenicity island, the regulatory gene toxR, and the CTX⌽ attachment sequence attRS, as well as for susceptibility of the strains to CTX⌽, to investigate the molecular basis for the emergence of new clones of toxigenic V. cholerae. DNA probe or PCR assays for tcpA, tcpI, acfB, toxR, and attRS revealed that 6.85% of the strains, all of which belonged to the O1 serogroup, carried the TCP pathogenicity island, toxR, and multiple copies of attRS, whereas the remaining 93.15% of the strains were negative for TCP but positive for either one or both or neither of toxR and attRS. An analysis of the strains for susceptibility to CTX⌽, using a genetically marked derivative of the phage CTX-Km⌽, showed that all TCP-positive CTX-negative strains and 1 of 136 TCP-negative strains were infected by the phage either in vitro or in the intestines of infant mice. The phage genome integrated into the chromosome of infected V. cholerae O1 cells forming stable lysogens. Comparative analysis of rRNA gene restriction patterns revealed that the lysogens derived from nontoxigenic progenitors were either closely related to or distinctly different from previously described clones of toxigenic V. cholerae. To our knowledge, this is the first demonstration of lysogenic conversion of naturally occurring nontoxigenic V. cholerae strains by CTX⌽. The results of this study further indicated that strains belonging to the O1 serogroup of V. cholerae are more likely to possess the TCP pathogenicity island and hence to be infected by CTX⌽, leading to the origination of potential new epidemic clones.
Cholera caused by toxigenic Vibrio cholerae is a major public health problem in developing countries. Epidemiological surveillance of cholera and comparative molecular analysis of strains collected during outbreaks have demonstrated clonal diversity among epidemic strains and a continual emergence of new clones of toxigenic V. cholerae (6) (7) (8) . The genetic basis of and the mechanisms involved in the origination of the new epidemic clones have not been adequately explained.
Cholera pathogenesis relies on the synergistic effect of a number of pathogenic factors produced by toxigenic V. cholerae. Profuse, watery diarrhea, which is characteristic of cholera, is caused by an enterotoxin, cholera toxin (CT), produced by V. cholerae when it colonizes the small intestine (27) . Molecular analysis has revealed that in addition to genes encoding CT, all strains capable of causing cholera invariably carry genes for a colonization factor known as toxin-coregulated pilus (TCP) and a regulatory protein, ToxR, which coregulates the expression of both CT and TCP (15, 22, 34) . Although the major subunit of TCP is encoded by the tcpA gene, the formation and function of the pilus assembly require the products of a number of other genes located on a large DNA region referred to as the TCP pathogenicity island, which includes the tcp and acf gene clusters (19) . The ctxAB operon which encodes the A and B subunits of CT is part of a larger genetic element originally termed the CTX genetic element. Recent studies have shown that the CTX genetic element corresponds to the genome of CTX⌽, a lysogenic filamentous bacteriophage (35) . The propagation of the phage has been studied in recipient laboratory strains of V. cholerae. CTX⌽ uses TCP as its receptor for invading V. cholerae cells, in which the phage genome either integrates chromosomally at a specific attachment site (attRS), forming stable lysogens, or is maintained extrachromosomally as a replicative form (RF) of the phage genome (35) . We previously studied the induction of CTX⌽ prophage in naturally occurring strains of toxigenic V. cholerae and demonstrated that wild-type phage particles isolated from different native strains infected an attenuated CT-negative V. cholerae strain (10) . This indicated that in the natural habitat, propagation of CTX⌽ may be associated with horizontal gene transfer, leading to the origination of novel toxigenic strains of V. cholerae. To further validate this concept, the present study was undertaken to analyze a large number of nontoxigenic V. cholerae strains for the presence of major virulence-associated genes and for susceptibility of the strains to a genetically marked derivative of CTX⌽ to investigate the molecular basis for the origination of novel toxigenic strains with epidemic potential.
MATERIALS AND METHODS
Bacterial strains, plasmids, and phages. A total of 146 CTX-negative V. cholerae isolates from five different countries, obtained either from patients or from surface water samples, were included in the study. Clinical isolates from Bangladesh were obtained from patients who attended the treatment center of the International Centre for Diarrhoeal Disease Research, Bangladesh (ICD-DR,B), located in Dhaka. The environmental isolates were from surface water samples in Dhaka isolated between 1992 and 1996. Other isolates consisted of four El Tor and three non-O1 strains from patients in Saudi Arabia (courtesy of M. H. Al-Jefrri, Parasitic and Infectious Diseases Unit, Department of Preventive Medicine, Ministry of Health, Riyadh, Kingdom of Saudi Arabia), three El Tor strains from Estonia and one El Tor strain from Latvia isolated from seawater (courtesy of Anja Siitonen, Laboratory of Enteric Pathogens, National Public Health Institute, Helsinki, Finland), and six clinical El Tor strains (28) from southern India (courtesy of G. B. Nair, National Institute for Cholera and Enteric Diseases, Calcutta, India). The strains were stored either in lyophilized form or in sealed deep nutrient agar at room temperature, in the culture collection of ICDDR,B. Before use, the identities of the cultures were confirmed by biochemical and serological methods (37) , and the presence or absence of the CTX element was tested with specific DNA probes. The strains analyzed in this study are described in Table 1 . The relevant characteristics of reference bacterial strains and properties of phages and plasmids used in this study are listed in Table 2 .
The genetically marked phage CTX-Km⌽ was initially derived from strain SM44, in which a kanamycin resistance (Km r ) determinant was introduced by marker exchange disrupting the ctxAB operon (14, 35) . CTX-Km⌽ isolated from a mitomycin C-induced culture of SM44 was used to infect the classical V. cholerae O1 strain O395. CTX-Km⌽ was prepared for the present study from a culture of strain O395 carrying an RF of the phage, O395(pCTX-Km). Aliquots of the culture supernatants were sterilized by filtration through 0.22-m-poresize filters (Millipore Corp., Bedford, Mass.). To confirm that the filtrate did not contain any bacterial cells, aliquots of the filtrate were streaked on Luria agar plates and incubated overnight at 37°C. The filtrate was titrated for infectious phage particles by incubating aliquots of the supernatants for 30 min at 30°C with the classical strain RV508, which constitutively expresses TCP, and then selecting for colonies resistant to kanamycin.
Probes and hybridization. The presence of virulence-associated genes was determined by using specific DNA probes or PCR assays. The gene probes used in this study to detect the CTX genetic element were a 0.5-kb EcoRI fragment of pCVD27 (16) containing part of the ctxA gene, an 840-bp region internal to the zonula occludens toxin gene (zot) amplified by PCR from the recombinant plasmid pBB241 as described previously (9) , and a 2.1-kb SphI-XbaI fragment of pCTX-Km (35) containing the entire zot and ace genes and part of orfU. The toxR gene probe was a 2.4-kb BamHI fragment of pVM7 (22) . The 18-bp attRS sequence was identified by using a synthetic oligonucleotide corresponding to the attRS sequence (25) . The rRNA gene probe has been described by us previously and consisted of a 7.5-kb BamHI fragment of the Escherichia coli rRNA clone pKK3535 (3, 6) . Colony blots or Southern blots were prepared with nylon filters (Hybond; Amersham International plc., Aylesbury, United Kingdom) and processed by standard methods (21, 31) . The polynucleotide probes were labeled by random priming (11) with a random-primer DNA labeling kit (BRL) and [␣-
32 P]dCTP (3,000 Ci/mmol; Amersham), and oligonucleotide probes were labeled by 3Ј tailing with terminal deoxynucleotide transferase and [␣-32 P]dCTP. Southern blots and colony blots were hybridized with the labeled probes, and autoradiographs were developed as described by us previously (6-9). 
The presence of different genes was detected with DNA probes and PCR assays (see the text for details). The size of the PCR-generated amplicon corresponding to the tcpA gene was characteristic of that of the El Tor biotype.
b Susceptibility to the phage was determined with a genetically marked phage, CTX-Km⌽ (see the text for details). c Integration of the phage genome into the host chromosome was determined by Southern blot analysis of genomic and plasmid DNA isolated from native and infected strains.
d SW, surface water.
PCR assays. The presence of the TCP pathogenicity island was determined by PCR assays specific for the tcpA, tcpI, and acfB genes. All oligonucleotides used either as probes or as PCR primers were synthesized commercially by Oswel DNA Service (University of Edinburgh, Edinburgh, United Kingdom), and PCR reagents and kits were purchased from Perkin-Elmer Corp. (Norwalk, Conn.). The presence of tcpA genes specific for the classical and El Tor biotypes was determined by a multiplex PCR assay (18) , and the tcpI gene was detected by a PCR assay described by us previously (7) . The acfB gene was detected by a PCR assay based on the published sequence of acfB (5) in which two primers with the following sequences were used: 5ЈGGACCAAGCATTATTATCTCT and 5ЈAA TGATAAACTTACTGATTAA. Thermocycle parameters for the PCR assay consisted of denaturation at 94°C for 2 min, annealing of primers at 50°C for 2 min, and primer extension at 72°C for 3 min. Amplification was performed for 25 cycles, and the size of the amplicon (1.9 kb, which is the expected size) was ascertained by electrophoresis in 1.5% agarose gels. The identities of all PCR products were further verified with specific oligonucleotide probes. The absence of the relevant genes in the PCR-negative strains was further confirmed by colony blot hybridization with the corresponding PCR-generated amplicons from a positive control strain, 569B, as specific probes.
Infection of V. cholerae strains with CTX-Km⌽. The susceptibility of V. cholerae strains to the genetically marked derivative of CTX⌽ was assayed under laboratory conditions and in the intestines of infant mice by modifications of previously described methods (10, 35) . All strains were initially tested for susceptibility to the phage in vitro. The TCP-positive strains and a single TCPnegative strain which were found to be susceptible to the phage in vitro were subjected to further tests both in vitro and in infant mice. The recipient strains were grown in Luria broth (LB) at 37°C; the cells were precipitated by centrifugation and washed in fresh LB. The recipient cells and phage particles were mixed in LB to make an approximate final concentration of 10 6 bacterial cells and 10 6 phage particles per ml. For the in vitro assay, the mixture was incubated for 16 h at 30°C, and aliquots of the culture were diluted and plated on Luria agar plates containing kanamycin (50 g/ml) to select for kanamycin-resistant colonies and on plates devoid of kanamycin to determine the total number of colonies.
For the in vivo assay, the same mixtures of phage and recipient cells were used to gastrointestinally inoculate groups of 5-day-old Swiss Albino mice obtained from the breeding facilities of the Animal Resources Branch of ICDDR,B. For each strain and phage combination, at least five mice were inoculated. Animals were sacrificed after 16 h, and their intestines were removed and homogenized in 10 mM phosphate-buffered saline, pH 7.2. The homogenate was centrifuged at low speed to precipitate debris, the supernatant was then centrifuged to precipitate bacterial cells, and the pellet was resuspended in phosphate-buffered saline. The suspension was then screened for the presence of Km r V. cholerae colonies. The ratio of Km r colonies to total colonies was calculated and expressed as the percentage of recipient cells carrying the phage genome.
Analysis of infected cells. Representative infected colonies were grown overnight in LB containing kanamycin (50 g/ml), and cells were precipitated by centrifugation. The supernatant fluids of the cultures were titrated for the presence of CTX-Km⌽ particles by using strain RV508 as the recipient. Total DNA or plasmids were extracted from bacterial pellets by standard methods (21) and purified with microcentrifuge filter units (Ultrafree-Probind; Sigma). Integration of the phage genome into the chromosomes of the recipient cells was studied by comparative Southern blot analysis of total DNA and plasmid preparations from the phage-infected and the corresponding native strains by using the zot probe.
Analysis of rRNA gene restriction patterns. All the V. cholerae O1 strains included in the study were subjected to comparative analysis of their rRNA gene restriction patterns (ribotype) as described by us previously (6, 7) to study clonal relationships among the strains. Briefly, 5-g aliquots of total DNA were digested with the appropriate restriction enzyme and electrophoresed in 0.8% agarose gel, and the DNA fragments were blotted onto nylon membranes (Hybond; Amersham). The genomic blots were hybridized with the rRNA gene probe, and autoradiographs were developed as described previously (6) (7) (8) . rRNA gene restriction patterns produced by the newly formed lysogens derived from nontoxigenic progenitors were compared with previously reported ribotype patterns derived from toxigenic V. cholerae strains isolated from outbreaks of cholera in different countries (4, (6) (7) (8) 26) .
RESULTS AND DISCUSSION
Distribution of virulence genes among nontoxigenic V. cholerae. Most toxigenic V. cholerae strains isolated from cholera patients simultaneously carry genes for CT, TCP, and ToxR (7, 8) . In order to identify CTX-negative strains which are possible progenitors or intermediates in the origination of new toxigenic strains, we studied the distribution of genes encoding TCP and ToxR and the CTX⌽ attachment sequence (att RS ) among nontoxigenic strains of V. cholerae with either DNA probes or PCR assays. Since the genes encoding TCP have been suggested to be part of a large genetic element consisting of clusters of genes, we looked for the simultaneous presence of the tcpA, tcpI, and acfB genes to screen for the presence of the TCP pathogenicity island (17, 19) . DNA probe and PCR analysis of a total of 146 CTX-negative strains belonging to the O1 and non-O1 serogroups (Table 1) showed that 6.85% of the strains were positive for the tcpA, tcpI, and acfB genes and presumably the entire TCP pathogenicity island in addition to toxR and att RS ; 17.12% were positive for toxR and att RS but negative for the TCP pathogenicity island; 60.95% were positive for toxR but negative for TCP and att RS ; and 2.04% were positive for att RS alone but negative for toxR and TCP. All strains simultaneously positive for TCP, toxR, and att RS belonged to the O1 serogroup and were of clinical origin, whereas none of the non-O1, non-O139 strains analyzed in the present study carried the genes for TCP. In addition, three V. cholerae O1 strains isolated from seawater in Estonia and Latvia were also negative for TCP. Previous studies (29, 30, 33) have reported the absence of TCP in V. cholerae O1 or non-O1 strains which do not produce CT. The present study demonstrated the existence of TCP-positive, CT-negative V. cholerae strains, although such strains were less prevalent than TCPnegative strains. Although in the present study we were able to identify 10 isolates of V. cholerae O1 from Saudi Arabia and India which were TCP positive and CT negative, these results did not reflect the real prevalence of TCP-positive, CT-negative strains, since in this study we did not analyze a statistically defined proportion of strains from patients or environments in different countries. We assume that the real prevalence of TCP-positive, CT-negative strains should be considerably lower, taking into consideration previous studies in which no such strain was isolated from the environment or from patients (13, 29, 33) . Nevertheless, the demonstration of the existence of TCP-positive, CT-negative strains in the present study is significant for understanding possible mechanisms involved in the origination of novel toxigenic strains of V. cholerae. The reason for the observed low prevalence of CT-negative but TCP-positive strains may be that these strains do not cause full-blown cholera and hence are not adequately enriched through interactions with the mammalian host. Previous studies have shown that CT-positive V. cholerae O1 strains are more enriched in the intestinal environment than the corresponding CT-negative mutants (1). An alternative explanation for the low prevalence of CT-negative but TCP-positive strains may be that such strains are rapidly converted to toxigenic strains by CTX⌽ either inside the host intestine or in the environment. The toxR gene was found to be widely distributed among nontoxigenic V. cholerae strains and was present in 84.93% of the total strains tested. This was probably because ToxR is involved in the regulation of a number of other genes in addition to those encoding TCP and CT (23, 24) and may be part of a common regulatory mechanism possessed by different serogroups of V. cholerae. Although toxR and att RS sequences were shared by both O1 and non-O1 strains, the possession of genes encoding TCP was confined to strains of the O1 serogroup. This also agreed with previous studies (13, 29, 30) in which V. cholerae non-O1, non-O139 strains have been very rarely found to possess the genes for TCP.
Infection and analysis of recipient strains. We used a genetically marked derivative of CTX⌽ designated CTX-Km⌽ (35) to study the susceptibility of the strains because the Km r marker allowed us to conveniently detect and analyze infected cells. Two different methods were used to test the susceptibility of the nontoxigenic strains to CTX-Km⌽. Initially, all the strains were exposed to cell-free phage particles under in vitro laboratory conditions. Of the 146 nontoxigenic strains exposed to the phage, 10 strains belonging to the O1 serogroup and 1 non-O1, non-O139 strain were infected by the phage. However, the O1 strains which carried the TCP genes were infected more efficiently than the TCP-negative, non-O1 strain (Fig. 1) .
Previous reports suggested that TCP is the receptor for CTX⌽ infection and the expression of TCP is a prerequisite for susceptibility to the phage (10, 35) . Since TCP is known to be expressed more efficiently in vivo, we decided to use the infant mouse model to further test the susceptibility of the 11 strains which were infected in the initial screening. When the TCP-positive strains were tested in the mouse intestine, the proportion of infected cells recovered was higher than in the in vitro assay. However, in the case of the single non-O1 strain which was devoid of TCP, the infant mouse assay did not produce a higher level of infection than the in vitro assay (Fig.  1) . In the present study, the proportion of infected cells recovered from both in vitro and in vivo studies possibly included progeny of infected cells as well as fresh infection of uninfected cells with phage particles derived from infected cells during the prolonged incubation period. Nevertheless, for the TCP-positive strains, the proportion of total cells carrying the phage genome was found to be significantly higher when the strains were grown inside the mouse intestine than after an equal length of incubation under laboratory conditions. Although these results supported previous reports (10, 35) that recipient strains were more efficiently infected under conditions conducive to the expression of TCP, this study also demonstrated that at least one strain which did not carry the genes for TCP was infected by the phage, albeit at a low efficiency (Fig. 1) . The TCP-negative non-O1, non-O139 strain was distinctly susceptible to the phage in repeated in vitro assays, producing a small number of infected colonies, while the rest of the 135 TCP-negative strains were completely resistant to infection by the phage when assayed under identical conditions. It was not clear what determined the different phage sensitivities of these TCP-negative strains. These results indicated that in addition to the TCP-mediated mechanism, there may be a second mechanism for CTX⌽ infection. In agreement with this observation, a study in India has reported the presence of CTpositive but TCP-negative V. cholerae strains belonging to non-O1 serogroups from both patients and the environment (13) .
In all V. cholerae O1 strains which were infected by CTXKm⌽, the phage genome integrated into the chromosome of the host, forming lysogens (Fig. 2) . Hybridization of genomic DNA digested with BglI or BglII from infected and corresponding wild-type progenitor strains with the zot probe produced three bands for BglI and two bands for BglII digests corresponding to the number of fragments carrying the zot sequence. Since there is a single BglI site and there are no BglII sites within the zot gene (2), interpretation of the restriction patterns confirmed that the phage genome integrated into the chromosome of the infected V. cholerae cells, and two copies of the phage genome were present in tandem repeats in the host chromosome (Fig. 2) . Although plasmid preparations from the freshly infected cells showed the presence of pCTX-Km, the lysogens spontaneously lost the RF of the phage genome, as confirmed by subsequent plasmid preparations (data not shown). The integrated form of the phage, however, was stable, and the lysogens did not lose the prophage when grown or stored in the absence of kanamycin. In the single non-O1, non-O139 strain, which was infected by the phage, the phage genome was maintained as the RF and produced a band corresponding to the linearized pCTX-Km (Fig. 2) . This strain produced high titers of infectious phage particles in the supernatant fluids of the culture (mean, 2.7 ϫ 10 6 particles/ml), as determined by titration with strain RV508 as the recipient. Previous studies (20, 35) described the induction and transmission of CTX⌽ in the intestines of infant mice based on observed transduction of recipient strains. In the present study, the presence of at least one non-O1, non-O139 strain in the environment, which was capable of harboring the RF of CTX⌽ and producing infectious phage particles, indicated that some environmental non-O1 strains may have a role in supporting the replication and propagation of CTX⌽ in the environmental habitat. A recent demonstration of the presence of CT-positive but TCP-negative non-O1, non-O139 strains in the environment (13) supports this assumption. It is also interesting that a previous study in India reported an increased incidence of toxigenicity among freshwater isolates of V. cholerae non-O1, non-O139 strains during a cholera outbreak caused by V. chol- and probed with an 850-bp PCR-generated probe for the zot gene. Lane 1, pCTX-Km linearized with BglI; lanes 2 and 7, total DNA from SA-317(pCTXKm); lanes 3 and 8, total DNA from SA-317 (native); lanes 4 and 9, total DNA from SA-406(pCTX-Km); lanes 5 and 10, total DNA from SA-406 (native); lanes 6 and 11, total DNA and plasmid, respectively, from 55V-71(pCTX-Km); lane 12, total DNA from 55V-71 (native). Integration of CTX-Km⌽ DNA into the chromosome of recipient V. cholerae O1 strains SA-317 and SA-406 is shown, whereas in non-O1 strain 55V-71, the phage genome is shown to be present in the RF. Numbers indicating the molecular sizes of bands correspond to a 1-kb DNA ladder (Bethesda Research Laboratories).
erae O139 (12) . This emphasizes the importance of further studies to understand the propagation of CTX⌽ and its role in the ecology of V. cholerae.
Analysis of rRNA gene restriction patterns. In regions where cholera is endemic, molecular analyses of V. cholerae strains collected during different epidemics have shown clonal diversity among strains and a continual emergence of new epidemic clones (6) (7) (8) . In these previous studies, clonal diversity was demonstrated based on restriction fragment length polymorphisms in conserved rRNA genes. We performed rRNA gene restriction pattern analysis (ribotyping) of the new lysogens derived from nontoxigenic progenitors or the native nontoxigenic strains and compared these patterns with those of previous epidemic isolates as well as with published data on the ribotype patterns of toxigenic V. cholerae strains (4, (6) (7) (8) 26) . Ribotyping was done with the restriction enzyme BglI, which was previously used by us and others for comparative analysis of ribotypes. Nontoxigenic V. cholerae O1 strains analyzed in the present study revealed four different BglI restriction patterns of their rRNA genes (Fig. 3) . The four different patterns corresponded to strains collected from four countries-Estonia, Latvia, India, and Saudi Arabia-whereas all the O1 strains collected from each of these countries were clonal and produced identical restriction patterns (Fig. 3) . Strains from Saudi Arabia and from India were positive for the TCP pathogenicity island and were lysogenized by the CTX-Km⌽ phage, whereas those from Estonia and Latvia were negative for TCP and were resistant to the phage. The rRNA gene restriction patterns of the V. cholerae O1 strains from Estonia, Latvia, and Saudi Arabia were distinctly different from the restriction patterns of V. cholerae previously reported by us and other investigators who analyzed a large number of toxigenic V. cholerae strains isolated in different countries (4, (6) (7) (8) 26) . This data provided evidence that the observed clonal diversity among epidemic strains of V. cholerae may have arisen, at least partly, due to the emergence of new toxigenic strains from nontoxigenic V. cholerae which are possibly undergoing a continuous genetic reassortment. This study also suggested that in an area where cholera is endemic, clinical and environmental surveillance for the presence of nontoxigenic V. cholerae carrying the genetic determinants for TCP and ToxR and the att RS sequence may be a means for predicting the origination of new toxigenic V. cholerae strains. The ribotype pattern of the new CTX-Km⌽ lysogens derived from the nontoxigenic southern India strains in this study, however, was very similar to that of a clone of toxigenic V. cholerae strains isolated from cholera outbreaks in 1987 in Guinea-Bissau (4), situated along the West African coast. This suggested that the lysogenic conversion by CTX⌽ demonstrated in the present study under laboratory conditions may indeed have been occurring efficiently in the ecological habitat.
Molecular basis for the emergence of potential epidemic strains. Previous analysis of V. cholerae strains isolated from cholera epidemics has shown that in addition to genes encoding CT, these strains invariably possessed genes for the pilus colonization factor, TCP, and the regulatory gene toxR (7, 8) . Hence, nontoxigenic strains capable of causing cholera outbreaks following conversion by CTX⌽ should carry genes for TCP and ToxR, not only because TCP facilitates colonization inside the host intestine but also because TCP is the phage receptor in recipient cells. The presence of att RS as well as toxR in 25 of 132 non-O1 strains (18.93%) in the present study suggested that such strains were probably capable of integrating the CTX⌽ genome and support the expression of the ctxAB operon, although in most cases CTX⌽ would not infect such strains due to lack of the receptor, TCP. Hence, the presence of the TCP pathogenicity island remains the limiting factor for infection and conversion of nontoxigenic environmental strains by CTX⌽. The proposed TCP pathogenicity island shares several characteristics with those of other species of pathogenic bacteria. These include the presence of groups of virulence genes, a regulator of virulence genes, a transposase gene, specific (att-like) attachment sites flanking each end of the island, and an integrase with homology to a phage integrase gene (17, 19) . The structure of the pathogenicity island is suggestive of horizontal transfer of the gene clusters as a possible mechanism for the origination of new pathogenic clones of V. cholerae. In the present study, all strains positive for tcpA, which encodes the major subunit of TCP, were simultaneously positive for tcpI and acfB genes, providing further evidence in favor of the pathogenicity island concept for the transfer of genes encoding TCP.
It has been suggested that the acquisition of the TCP pathogenicity island and the CTX element has allowed specific strains of V. cholerae to become adapted to the human intestinal environment (17) . In the present study, the identification of V. cholerae O1 strain carrying the TCP pathogenicity island but devoid of the CTX element led us to speculate on the mechanism for the possible origin of such strains. These strains could have originated by acquisition of the TCP pathogenicity island by nontoxigenic TCP-negative O1 strains or alternatively by deletion of the complete CTX element from toxigenic TCPpositive O1 strains. Since these strains produced TCP and were likely to be infected rapidly by CTX⌽, as shown in the present study, it is highly improbable that the CT-negative, TCP-positive strains emerged from toxigenic strains by excision of the entire CTX element (the CTX⌽ genome). Lazar and Waldor (20) have recently proposed that the CTX⌽ genome is maintained in TCP-positive V. cholerae cells by a continuous reinfection of cells by resulting phage particles. The demonstration of the existence of V. cholerae O1 strains which were negative for both TCP and CT, and strains which were positive for TCP VOL. 66, 1998 SUSCEPTIBILITY OF V. CHOLERAE STRAINS TO CTX⌽ 5823 but negative for CT, was more consistent with the concept of origination of the later group of strains by acquisition of the TCP pathogenicity island by TCP-negative, CT-negative progenitors. However, the transmission of the TCP pathogenicity island to a recipient strain under laboratory conditions is yet to be demonstrated. The recent discovery of CTX⌽ has provided an impetus to investigate the role of CTX⌽ in the emergence of new toxigenic strains. In the present study, we have demonstrated for the first time lysogenic conversion of naturally occurring nontoxigenic V. cholerae strains by CTX⌽. Since TCP is the receptor for CTX⌽ infection, the sequence of events that leads to the origination of new toxigenic strains should include acquisition of TCP, followed by infection and lysogenic conversion with CTX⌽. The different combinations of virulenceassociated genes carried by different groups of V. cholerae strains analyzed in the present study and the demonstration of lysogenic conversion support this assumption. Epidemic outbreaks of cholera are known to be caused by V. cholerae belonging to the O1 serogroup or the recently emerged O139 serogroup, which possibly evolved from the O1 El Tor strains by serotype-specific genetic changes (32, 36) . In the present study, all the nontoxigenic strains which carried the genes for TCP and were subsequently converted by the CTX phage also belonged to the O1 serogroup. That none of the 132 non-O1, non-O139 strains analyzed carried the genes for TCP suggested that possession of the TCP pathogenicity island may be characteristic of the O1 vibrios. Since the TCP pathogenicity island is the initial genetic element required for the origination of epidemic strains, this explains why V. cholerae O1 and O139 (possibly derived from a parental O1 strain) are the only serogroups capable of causing epidemic cholera. It is not clear, however, what determines the efficient acquisition of the TCP pathogenicity island by the O1 serogroup of V. cholerae.
In the present study, most of the nontoxigenic V. cholerae O1 strains expressed TCP and hence ToxR, as evidenced by the fact that the strains were efficiently infected by CTX-Km⌽. It was not possible to study the expression of CT in the corresponding lysogens of CTX-Km⌽, since the ctxAB operon in the phage had been disrupted by the insertion of the kanamycin resistance gene. However, the native strains were isolated from outbreaks of diarrhea, and since these strains carried functional genes for TCP and ToxR, it is understandable that such strains should produce CT when infected with the wild-type CTX⌽ and thus emerge as toxigenic strains capable of expressing all three major virulence determinants-ToxR, TCP, and CT-normally found in epidemic V. cholerae isolates. The present study thus demonstrated the genetic basis for the origination of new V. cholerae strains with epidemic potential from nontoxigenic strains. However, the predominance of the new strains over existing epidemic strains may involve environmental as well as host factors associated with the natural selection and enrichment of particular toxigenic clones. Further studies are required to understand the interactions of these factors in the evolution of V. cholerae strains with epidemic potential.
